Introduction
============

Dysfunctional telomeres play a critical role in the progression of human cancer. In the context of deregulated DNA damage checkpoint signalling, telomere dysfunction can promote cancer progression by seeding the events that lead to chromosomal instability. This situation is observed in advanced cancer precursor lesions such as ductal carcinoma *in situ* (DCIS) ([@b14]) and colonic adenomas with high-grade dysplasia ([@b56]). When DNA damage checkpoint responses are intact, however, telomere dysfunction leads to cellular senescence, a permanent and stable proliferative arrest that functions as a cell intrinsic tumour suppressing mechanism in mouse model systems ([@b60]; [@b18]; [@b25]). Cells with dysfunctional telomeres have been detected in cancers with low mitotic activity, such as early stage B-cell chronic lymphocytic leukaemia, suggesting that telomere dysfunction also poses a barrier to cancer progression in humans ([@b5]). However, direct evidence that telomere dysfunction-induced cellular senescence (TDIS) is an *in vivo* physiologic response that limits progression of human cancer is still missing.

Cellular senescence is thought to limit cancer progression by preventing the proliferation of cells in early neoplastic lesions. Studies conducted using mouse model systems suggest that cellular senescence arrests tumour growth before cells become malignant and invade surrounding tissue ([@b17]). Similarly, cells with senescence-like features have also been detected in benign human cancer precursor lesions, but are absent in malignant cancers, supporting the conclusions that this stable growth arrest limits cancer progression at premalignant stages. In mouse models, the tumour suppressing functions of cellular senescence can be triggered by oncogenes ([@b12]; [@b16]; [@b50]), loss of growth regulatory mechanisms ([@b13]), or dysfunction of telomeres ([@b18]; [@b25]), but the mechanisms ultimately triggering cellular senescence in human cancer precursor lesions are still incompletely understood.

Entry into senescence is regulated by at least two signalling pathways: a stress-induced p16^INK4a^/Rb-dependent pathway and a DNA damage response (DDR) pathway that is mediated by p53 ([@b37]). While the molecular activators of the p16^INK4a^/Rb pathway are largely unknown, p53 is activated primarily in response to DNA damage such as double-stranded DNA breaks (DSBs). In human cell cultures, a primary reason for senescence is because telomeres progressively shorten with every cell cycle until a critical length is reached that causes telomeres to become dysfunctional. Telomere erosion is a consequence of a variety of factors that include the inability of the replicative polymerase to completely duplicate linear DNA (also called 'end replication problem\'), postreplicative processing of chromosome ends, and sporadic telomere attrition due to repair events at damaged telomeres ([@b42]). Once telomeres become dysfunctional, they are sensed as DSBs and consequently activate the DDR/p53 senescence pathway ([@b21]; [@b63]; [@b36]).

Cellular senescence can also be induced prematurely before telomere shortening due to continuous cell proliferation becomes growth limiting. Dysregulated oncogenes, for example, cause cells to undergo oncogene-induced senescence (OIS) after a brief period of hyperproliferation. Depending on cell type, signal strength, and extracellular environment, oncogenes activate distinct and sometimes complex signalling networks that likely each contribute to various degrees to the permanent growth arrest that characterizes OIS ([@b19]). Oncogenic signals also cause high levels of DNA replication stress, which leads to the formation of DSBs and activation of a persistent DDR ([@b9]; [@b22]). Since aberrant oncogene signalling frequently initiates cancer growth in humans ([@b32]), and signs of a persistent DDR are observed in several benign and malignant human neoplasms ([@b8], [@b7]; [@b27]; [@b52]), it is currently thought that the reasons for the inactive nature of human cancer precursor lesions is because cells within these lesions had undergone OIS. Here, we further characterize the causes for cellular senescence in cancer precursor lesions and provide compelling evidence that telomeres play a critical role in preventing malignant cancer progression in humans.

Results
=======

Human nevi are comprised of cells that display hallmarks of TDIS
----------------------------------------------------------------

Cells displaying senescence-like features such as senescence-associated β-galactosidase activity, elevated levels of p16, and signs of an activated DDR, have been detected in human nevi, suggesting that cellular senescence limits melanoma progression at premalignant stages ([@b27]; [@b50]; [@b28]). To characterize specifically which senescence pathway was activated in cells of human nevi, we immunostained benign and dysplastic nevi ([Supplementary Figure S1A](#S1){ref-type="supplementary-material"}) for p16 and for 53BP1, a cytological marker of DDR activation ([@b2]). In agreement with previous studies ([@b50]; [@b28]), we detected heterogeneous p16 levels and a mosaic p16 expression pattern in cells of nevi ([Supplementary Figure S1B and C](#S1){ref-type="supplementary-material"}). These data therefore suggest that the p16/Rb senescence pathway alone is not responsible for arresting melanocytic cells at this stage of cancer development. In contrast, the great majority (∼90%) of cells within 26 analysed nevi displayed discrete 53BP1 foci, independent of patient age, demonstrating a massive activation of a DDR in premalignant melanocytic lesions ([Figure 1A and B](#f1){ref-type="fig"}; [Supplementary Figure S1C and E](#S1){ref-type="supplementary-material"}). The majority of normal melanocytes in the dermal--epidermal junction of analysed samples lacked 53BP1 foci, demonstrating that 53BP1 focus formation is not an intrinsic property of melanocytes in tissue ([Figure 1B](#f1){ref-type="fig"}; [Supplementary Figure S1D and E](#S1){ref-type="supplementary-material"}). Interestingly, we observed an ageing-associated increase of 53BP1-positive normal melanocytes in the epidermis of these patients, suggesting that the observed heterogeneity in 53BP1-positive normal cells was attributed to patient age ([Supplementary Figure S1E](#S1){ref-type="supplementary-material"}). Similar to normal melanocytes, cells of invasive melanoma showed infrequent and heterogeneous staining for 53BP1 foci. Vertical growth phase melanomas and melanocytic cells in deep soft tissue generally lacked signs of a DDR, while cells in radial growth phase melanoma often displayed discrete 53BP1 foci, albeit at a lower frequency compared with cells in nevi ([Figure 1A and B](#f1){ref-type="fig"}; [Supplementary Figure S1F](#S1){ref-type="supplementary-material"}). These observations are consistent with the reported downregulation of DDR activity in more advanced human cancers ([@b8], [@b7]; [@b27]; [@b52]). Together, our data demonstrate a substantial and consistent accumulation of DDR-positive melanocytes in nevi, but not in the epidermis or in malignant melanomas.

In replicative senescent human cells, persistent DDR foci are frequently associated with short and dysfunctional telomeres ([@b21]; [@b36]). To test whether the DDR was a consequence of telomere dysfunction, we analysed tumour tissue for the presence of telomere dysfunction-induced DNA damage foci (TIF), or colocalizations between telomeres, labelled using a telomeric peptide nucleic acid (PNA), and DDR foci as we have done previously ([@b36]). Images were acquired at high magnification ( × 100) and in *z*-series throughout the entire thickness of the tissue using a fluorescence microscope equipped with an ApoTome. This generated images of consecutive 0.3--0.4 μm optical slices and therefore minimized any coincidental overlap between two distinct foci along the optical *z*-axis ([Supplementary Figure S2A and B](#S1){ref-type="supplementary-material"}). Using this technique, we discovered that over 60% of all DDR foci analysed in nevi colocalized with telomeric repeats ([Figure 1C](#f1){ref-type="fig"}; [Supplementary Figure S2C](#S1){ref-type="supplementary-material"}). Similarly, the few remaining DDR foci in cells of melanoma were also primarily telomeric, albeit to a lesser degree compared with 53BP1 foci in nevi ([Supplementary Figure S2C](#S1){ref-type="supplementary-material"}). In contrast, only 6% of DDR foci colocalized with centromeric foci, visualized using antibodies against centromeric proteins, supporting our conclusions that the DDR was specific to telomeres ([Supplementary Figure S2D](#S1){ref-type="supplementary-material"}). Of note, the few colocalizations between centromeric signals and DDR foci also demonstrates that our imaging technique is sensitive enough to discriminate coincidental overlap between two random foci within a cell nucleus. Dysfunctional telomeres in cells of nevi retained the shelterin component TRF2, arguing against the possibility that telomere dysfunction in these cells was a consequence of TRF2 loss and/or degradation ([Supplementary Figure S2E](#S1){ref-type="supplementary-material"}).

In order to quantitate the percentages of cells containing dysfunctional telomeres in tissue, we scored cells as TIF positive when 50% of 53BP1 foci in a cell nucleus colocalized with telomeric repeats. We discovered that the majority of melanocytic cells in benign (64%) and dysplastic nevi (70%) were indeed TIF positive, which was in contrast to cells in malignant melanoma that infrequently scored as TIF positive (11%; [Figure 1D](#f1){ref-type="fig"}). Thus, despite the apparent lack of total telomere shortening in melanocytic cells of human nevi ([@b50]), the data presented here suggest that cells within these lesions had undergone TDIS.

Although it has been reported that total telomere lengths in cells of nevi are similar to those of surrounding stromal cells, it is possible that the DDR in melanocytic cells was initiated by one or few telomeres that had become critically short and dysfunctional due to stochastic telomere attrition events ([@b50]). To test this possibility, we quantified fluorescence signal intensities of telomeres in TIF ([Figure 1E](#f1){ref-type="fig"}, red and blue bars) and compared these with signal intensities of telomeres not associated with DDR foci ([Figure 1E](#f1){ref-type="fig"}, black bars). Surprisingly, our analysis revealed that telomeric foci colocalizing with 53BP1 ([Figure 1E](#f1){ref-type="fig"}, red bars) emitted on average similar fluorescence signal intensities compared with the other telomeres in the same cells ([Figure 1E](#f1){ref-type="fig"}, black bars), suggesting that telomere dysfunction in these cells was not primarily due to critical telomere attrition. We also discovered that ∼30% of all dysfunctional telomeres analysed displayed telomeric doublets or diffuse telomere signals, suggesting that these structures were either fragile telomeres ([@b59]) or alternatively, aggregation of multiple dysfunctional telomeres within one DDR focus as described recently in senescent human fibroblast cultures ([Figure 1C and E](#f1){ref-type="fig"}; [Supplementary Figure S2F](#S1){ref-type="supplementary-material"}) ([@b40]). To distinguish between these two possibilities, we measured the combined fluorescence intensities of telomeric doublets in DDR foci and discovered that these combined values ([Figure 1C](#f1){ref-type="fig"}, blue bars) were similar to intensity values of individual telomere signals in DDR foci. Given that DDR-associated telomeric aggregates almost always display greater combined fluorescence signal intensities compared with the other telomeres in the same cells ([@b40]), it is unlikely that these aberrant telomeric structures are due to aggregation of multiple dysfunctional telomeres in a single DDR focus.

Elevated levels of some heterochromatin proteins are a feature of senescent melanocytes in culture ([@b50]; [@b6]) and have been used as a marker to detect senescent cells in tissue ([@b16]; [@b35]; [@b38]; [@b45]). Using antibodies against macroH2A, a late-appearing molecular component of senescence-associated heterochromatin ([@b70]) and a suppressor of melanoma progression ([@b39]), we observed that virtually all melanocytic cells in analysed nevi displayed elevated macroH2A levels ([Figure 1F](#f1){ref-type="fig"}). Similar observations have also been reported recently ([@b39]). Together with studies demonstrating senescence-associated β-galactosidase activity in nevi ([@b50]; [@b28]), our observations not only support previous conclusions that cells in nevi are senescent, but also strongly suggest that elevated levels of macroH2A are a feature specific to senescent cells *in vivo*. In support of this, we show that nuclear staining of the cell proliferation marker Ki67 and of macroH2A was mutually exclusive in early invasive melanocytic lesions that display features of both senescence and proliferation ([Supplementary Figure S3A](#S1){ref-type="supplementary-material"}). In contrast to cells of nevi, few normal epidermal melanocytes displayed elevated macroH2A levels ([Supplementary Figure S3B](#S1){ref-type="supplementary-material"}). Similarly, macroH2A levels in cells of melanomas in deep soft tissue were generally low, suggesting that cells of these invasive cancers had either lost the ability to undergo senescence or did not encounter signals leading to cellular senescence ([Figure 1F](#f1){ref-type="fig"}). In nevi, cells that stained positive for 53BP1 also displayed elevated levels of macroH2A, revealing a positive correlation between DDR activation and the senescence status ([Figure 1F](#f1){ref-type="fig"}). No correlation between telomere dysfunction and p16 upregulation could be established ([Supplementary Figure S1C](#S1){ref-type="supplementary-material"}).

Breast- and colon-cancer precursor lesions display hallmarks of TDIS
--------------------------------------------------------------------

Our data are consistent with the idea that TDIS limits melanoma progression at premalignant stages. To determine whether the potential tumour suppressing functions of TDIS are limited to melanocytic cells of nevi or also affect the growth of epithelial tumour cells, we analysed colonic (tubular) adenomas (CA) and usual/atypical ductal hyperplasias (DH) of the breast for markers of TDIS ([Supplementary Figure S4](#S1){ref-type="supplementary-material"}). Strikingly, we discovered that the great majority of epithelial cells in hyperplastic regions of CA and of DH displayed prominent 53BP1 foci ([Figure 2A and B](#f2){ref-type="fig"}). This is in contrast to cells in normal epithelium adjacent to hyperplastic regions and cells in malignant cancers, which generally lacked 53BP1 foci ([Figure 2A and B](#f2){ref-type="fig"}; [Supplementary Figure S6A](#S1){ref-type="supplementary-material"}). Significantly, the great majority of DDR foci in cells of DH colocalized with telomeric repeats that were on average not shorter compared with other telomeres in these cells ([Supplementary Figure S5A and B](#S1){ref-type="supplementary-material"}) and over 80% of cells in hyperplastic regions of the tissue were TIF positive ([Figure 2C](#f2){ref-type="fig"}). As in premalignant melanocytic lesions, aberrant telomeric structures resembling fragile telomeres occasionally could be detected in TIF ([Supplementary Figure S5B](#S1){ref-type="supplementary-material"}). TIF-positive cells could also be detected in CA, albeit at a lower frequency compared with DH ([Supplementary Figure S5A](#S1){ref-type="supplementary-material"}). A likely reason is that telomeres in CA are very short, making it difficult to visualize telomeres using a PNA or antibodies against telomeric proteins ([@b48]) ([Supplementary Figure S5C](#S1){ref-type="supplementary-material"}). Despite these limitations, we frequently detected dysfunctional telomeres and demonstrate a dramatic and statistically highly significant difference in TIF-positive cells between colonic adenomas and colonic carcinomas (42% versus 0.2%, respectively, *P*\<0.001; [Figure 2C](#f2){ref-type="fig"}). Although we did not detect aberrant telomeric structures in TIF of CA, likely due to the weak fluorescence signals emitted from telomeres, also in these premalignant lesions average lengths of telomeres in TIF were similar to the other telomeres in the cells ([Supplementary Figure S5D](#S1){ref-type="supplementary-material"}). In contrast to cells in normal epithelium and in invasive carcinomas, 53BP1-positive cells in hyperplastic regions of CA and DH displayed elevated levels of macroH2A, providing further evidence that they were senescent ([Figure 2D](#f2){ref-type="fig"}; [Supplementary Figure S6A](#S1){ref-type="supplementary-material"}). As with melanocytic cells in nevi, epithelial cells that displayed high levels of macroH2A did not stain positive for the proliferation marker Ki67, corroborating our conclusions that macroH2A is a marker specific to senescent cells in tissues ([Supplementary Figure S6B](#S1){ref-type="supplementary-material"}). Together, our data demonstrate hallmarks of TDIS in cells of precursor lesions to three distinct and common human cancers, but not in their malignant cancer counterparts.

Oncogenic H-RasV12 causes stalling of telomeric replication forks
-----------------------------------------------------------------

Although telomere erosion in human cell cultures allows ∼60 population doublings *in vitro*, the same number of cell divisions *in vivo* could potentially generate a lesion consisting of 1 × 10^18^ cells, a tumour mass weighing over 100 tons. We therefore reasoned that cells of precancerous lesions likely encountered stresses, which either accelerated telomere erosion or activated mechanisms that trigger telomere dysfunction. Common to all human cancer precursor lesions are stresses that lead to cellular hyperproliferation and DNA replication stress, often induced by aberrant oncogene signalling ([@b31]). Since fragile sites are particularly sensitive to oncogene-induced DNA replication stress ([@b9]; [@b22]), and telomeres resemble fragile sites ([@b46]; [@b59]; [@b68]), we asked whether oncogenic Ras causes DNA replication stress in telomeric repeats, thereby altering telomere structure and function. Using molecular DNA combing combined with telomeric fluorescence *in situ* hybridization (FISH; [Figure 3A](#f3){ref-type="fig"}; [Supplementary Figure S7A](#S1){ref-type="supplementary-material"}), we discovered that oncogene expression increased the fraction of DNA replication forks arresting at the transition between non-telomeric and telomeric tracts, compared with control cells ([Figure 3B and C](#f3){ref-type="fig"}). In addition, oncogene-expressing cells accumulated partially replicated telomeres more frequently, while the numbers of fully replicated telomeres were reduced as compared with the control ([Figure 3C](#f3){ref-type="fig"}). Indeed, the percentage of fork stalling events, defined as asymmetric DNA replication bubbles at telomeres (see [Figure 3A](#f3){ref-type="fig"}), was dramatically increased by oncogene activation ([Figure 3D](#f3){ref-type="fig"}). While these differences were statistically significant at telomeres (*P*=0.03), whole genome analysis revealed a more modest impact in response to oncogene activation ([Supplementary Figure S7B](#S1){ref-type="supplementary-material"}), despite equal DNA labelling rates ([Supplementary Figure S7C](#S1){ref-type="supplementary-material"}). Our data therefore demonstrate that telomeres are preferential sites of oncogene-induced DNA replication stress when compared with the rest of the genome.

Oncogenic H-RasV12 causes fragile telomeres and stochastic telomere attrition
-----------------------------------------------------------------------------

DNA replication stress induced by drugs causes aberrant telomeric structures in metaphase, called fragile telomeres ([@b46]; [@b59]). To determine whether Ras also causes telomeric replication stress, and hence fragile telomeres, we transduced contact inhibited cells with Ras and GFP using lentivirus, replated cells into colcemid containing medium and analysed telomeric structures in subsequent metaphases. In cells transduced with Ras during S-phase, but not in GFP-transduced cells, one quarter of all chromosome ends indeed displayed aberrant and fragile telomeres ([Figure 4A](#f4){ref-type="fig"}). Fragile telomeres were observed similarly in hTERT-expressing BJ cells, demonstrating that hTERT does not suppress the fragile telomere phenotype caused by Ras overexpression ([Suppementary Figure S8A](#S1){ref-type="supplementary-material"}). Surprisingly, in cells lacking hTERT activity, we also discovered that on many chromosomes the fluorescence signal intensities of sister telomeres were noticeably different, or undetectable, suggesting that Ras-induced DNA replication stress also causes stochastic telomere attrition ([Figure 4A](#f4){ref-type="fig"}). In agreement with these observations, we demonstrate that cells expressing Ras for one S-phase consistently displayed ∼40% fewer telomeric repeats compared with control cells as measured by FlowFISH ([Figure 4B](#f4){ref-type="fig"}). Similar results were observed in cells that had undergone OIS ([Supplementary Figure S8B](#S1){ref-type="supplementary-material"}). Ras did not preferentially shorten long or short telomeres as a reduction of telomere fluorescence signal was observed on all telomeres equally ([Figure 4C](#f4){ref-type="fig"}). Ras-induced telomere shortening was not dependent on cellular growth arrest since expression of this oncogene in p53 knockdown cells, which are insensitive to OIS ([@b22]), also caused telomere attrition ([Supplementary Figure S8C](#S1){ref-type="supplementary-material"}). However, while hTERT could not rescue stalling of telomeric replication forks in response to oncogenic signals, or the fragile telomere phenotype (see above), no telomere shortening could be detected in hTERT-expressing cells upon Ras expression ([Supplementary Figure S8D](#S1){ref-type="supplementary-material"}). In summary, our data demonstrate that oncogenic signals cause DNA replication stress in telomeric repeats which leads to rapid, substantial, and stochastic telomere attrition in normal human somatic cells.

OIS is not stable in cells with high hTERT activity
---------------------------------------------------

In human cells, overexpression of oncogenic Ras causes cellular senescence following a brief period of hyperproliferation regardless of hTERT expression status ([@b29]; [@b65]; [@b22]). The stability of Ras-induced senescence, however, is dependent on a variety of factors. For example, using freshly isolated human fibroblasts, or reducing the levels of reactive oxygen species (ROS), allows cells to bypass senescence despite high Ras expression levels ([@b44]; [@b11]; [@b62]). Similarly, reducing the levels of oncogenic H-Ras to those of endogenous wild-type Ras promotes cell growth, instead of arresting it ([@b64]; [@b57]). In addition, overexpressing hTERT in cells that are insensitive to culture stresses also modulates the responses to oncogenes including H-RasV12 ([@b41]; [@b61]).

In agreement with these studies, we repeatedly observed that Ras did not induce a stable cellular growth arrest in multiple hTERT-expressing human fibroblasts strains and cells always continued to proliferate after arresting with a senescence-like phenotype for several days. To ensure that our hTERT-expressing cells had not acquired additional mutations preventing Ras from inducing a stable growth arrest, we cotransduced normal human fibroblasts with a combination of retroviruses expressing either, Ras and hTERT (Ras--hTERT), or Ras and empty vector (Ras--EV). Cells were selected for Ras expression only, reasoning that if hTERT facilitates escape from OIS, proliferating cells would emerge expressing both, Ras and hTERT. Consistent with previous observations ([@b29]; [@b65]; [@b22]) both retroviral combinations, Ras--EV and Ras--hTERT, caused cellular growth arrest early after retroviral transduction as demonstrated by growth curves and BrdU incorporation assays ([Figure 5A and B](#f5){ref-type="fig"}). While empty vector transduced cells displayed a modest increase in DDR foci early after transduction, likely due to stresses caused by the retroviral transduction process, Ras-expressing cells showed a dramatic increase in cells that displayed multiple DDR foci, which is consistent with previous studies ([@b22]) ([Figure 5D](#f5){ref-type="fig"}; [Supplementary Figure S9A](#S1){ref-type="supplementary-material"}). Only 25% of all DDR foci in both, Ras--EV and Ras--hTERT cells colocalized with telomeric sequences, demonstrating that Ras-induced DNA replication stress causes DDR foci primarily at non-telomeric sequences, and to a lesser extent also in telomeric repeats ([Figure 5E](#f5){ref-type="fig"}; [Supplementary Figure S9B](#S1){ref-type="supplementary-material"}). However, as we continued to characterize cultures for an additional 3 weeks after Ras-expressing cells entered senescence, we observed that the percentage of cells with multiple DDR foci decreased slightly in Ras--EV cells but decreased substantially in Ras--hTERT cultures ([Figure 5D](#f5){ref-type="fig"}). Significantly, as the average number of 53BP1 foci per cell nucleus decreased over this time in senescent Ras--EV cells, the colocalizations between 53BP1 foci and telomeres increased, reaching levels of over 50% ([Figure 5E](#f5){ref-type="fig"}; [Supplementary Figure S9C](#S1){ref-type="supplementary-material"}). Our data therefore demonstrate that Ras causes DDR foci at both non-telomeric and telomeric DNA sequences. However, while non-telomeric DDR foci decreased over time in senescent cells that lack telomerase activity, DDR foci at telomeric repeats persisted. Since telomeres with persistent DDR foci are defined as dysfunctional, our data therefore demonstrate that oncogenic Ras causes telomere dysfunction in normal human cells. Similar to dysfunctional telomeres in cancer precursor lesions, the telomeres that colocalized with these persistent 53BP1 foci were not shorter compared with the other telomeres in the same cells, suggesting that Ras-induced telomere dysfunction was not exclusively due to critical telomere attrition ([Supplementary Figure S9D](#S1){ref-type="supplementary-material"}). In contrast to normal cells whose growth was severely compromised due to Ras expression, Ras--hTERT-expressing cells continued to proliferate 1 week after they entered a senescence-like state, and cells displayed higher proliferation rates compared with hTERT control cultures, low levels of DDR foci, high telomerase activity, and elevated levels of Ras ([Figure 5A--D](#f5){ref-type="fig"}; [Supplementary Figure S9E](#S1){ref-type="supplementary-material"}). The ability of hTERT to destabilize Ras-induced senescence required its catalytic activity, since cells expressing a catalytically inactive dominant negative form of hTERT (DN-hTERT; [Supplementary Figure S9H](#S1){ref-type="supplementary-material"}) ([@b30]) stably arrested following Ras expression as a result of telomere dysfunction ([Supplementary Figure S9F and G](#S1){ref-type="supplementary-material"}).

To test whether oncogenes other than H-RasV12 also affect telomere structure and function, we retrovirally transduced normal human cells and hTERT-expressing cells with B-Raf harbouring the V600E amino-acid substitution ([@b34]), an oncogenic mutation that is observed in the great majority of human nevi and in some precursors lesions to colorectal carcinomas, among others ([@b49]). Consistent with previous observations ([@b50]), we show that BRafV600E expression caused growth arrest of both normal human cells and hTERT-expressing cells after a brief period of proliferation ([Supplementary Figure S10A and B](#S1){ref-type="supplementary-material"}). Growth arrested BRafV600E-expressing cells displayed a high degree of γH2AX foci demonstrating activation of a DDR ([Supplementary Figure S10D](#S1){ref-type="supplementary-material"}). The proliferative arrest was preceded by the appearance of fragile and aberrant telomeric structures detected on metaphase chromosomes, demonstrating that also this oncogene causes telomeric replication stress ([Supplementary Figure S10C](#S1){ref-type="supplementary-material"}). Similar to Ras-expressing cells, the proliferative arrest triggered by BRafV600E was not stable in hTERT-expressing cells and BRafV600E/hTERT-expressing cells eventually continued to proliferate with high BRafV600E expression levels. This was in contrast to cells lacking hTERT expression, which arrested stably due to a persistent telomeric DDR ([Supplementary Figure S10](#S1){ref-type="supplementary-material"}). Overall, our data therefore demonstrate that telomere dysfunction stabilizes an otherwise transient growth arrest induced by oncogenic signals.

DNA replication stress causes TDIS in normal somatic cells that lack hTERT activity
-----------------------------------------------------------------------------------

To directly test whether DNA replication stress causes TDIS in normal human cells, we incubated BJ fibroblasts with low doses of hydroxyurea (HU) and aphidicolin (Aph) for 4 days. Under these conditions cells entered, or proceeded through S-phase, as detected by BrdU incorporation ([Supplementary Figure S11A](#S1){ref-type="supplementary-material"}). While normal cells accumulated one or more DDR foci in response to drug treatment, hTERT-expressing cells did not, suggesting that observed DNA damage was a result of telomere dysfunction ([Figure 6A](#f6){ref-type="fig"}; [Supplementary Figure S11B and C](#S1){ref-type="supplementary-material"}). Indeed, almost all of the DDR foci remaining after 4 days of drug treatment colocalized with telomeric DNA repeats and therefore caused cells to become TIF positive, demonstrating that drug-induced DNA replication stress caused telomere dysfunction in cells that lack hTERT ([Figure 6B](#f6){ref-type="fig"}; [Supplementary Figure S11D](#S1){ref-type="supplementary-material"}). After drug removal, most cells lacking hTERT did not incorporate BrdU, demonstrating that DNA replication stress caused TDIS in normal cells ([Figure 6C](#f6){ref-type="fig"}; [Supplementary Figure S11E](#S1){ref-type="supplementary-material"}). Significantly, since the presence of telomerase reduced formation of telomeric DDR foci in response to DNA replication stress ([Figure 6B](#f6){ref-type="fig"}), but does not prevent DNA replication fork stalling in telomeric repeats ([Figure 3](#f3){ref-type="fig"}; [Supplementary Figure S8A](#S1){ref-type="supplementary-material"}), our data also suggest that one function of hTERT is to prevent telomere dysfunction in response to stalled DNA replication forks. Finally, to further corroborate our conclusions that dysfunctional telomeres in human cancer precursor lesions were caused by telomeric replication stress, we immunostained human cancer precursor lesions with antibodies against ATR phosphorylated at serine 428, a posttranslational modification that is associated with DNA replication stress-induced DDR foci ([@b55]) ([Supplementary Figure S12](#S1){ref-type="supplementary-material"}). We show that DDR foci, which are primarily telomeric ([Figures 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}), included P-ATR(S428) ([Figure 6D](#f6){ref-type="fig"}) supporting our conclusions that TDIS in human cancer precursor lesions was a consequence of oncogene-induced DNA replication stress.

Discussion
==========

While TDIS has been demonstrated to limit tumour growth in animal model systems ([@b18]; [@b25]), the relevance of these observations for human disease has remained elusive. Our observation that three common, yet distinct, human cancer precursor lesions are comprised of cells that display hallmarks of DNA replication stress-induced TDIS suggests that TDIS is an *in vivo* physiological mechanism that prevents progression of cancer in humans. Significantly, short telomeres and signs of a DDR are also observed in other cancer precursor lesions ([@b48]; [@b8]; [@b27]), indicating that TDIS could limit growth of many human cancers. In line with previous studies demonstrating the role of telomeres in evolving human and mouse model systems ([@b14]; [@b56]), we thus propose that TDIS, along with other telomere checkpoints such as apoptosis ([@b15]; [@b54]; [@b66]), serves as a critical tumour suppressing mechanism in humans by restraining cancer progression at premalignant stages ([Figure 7](#f7){ref-type="fig"}).

Our data demonstrating that dysfunctional telomeres in human cancer precursor lesions on average were not detectably shorter compared with other telomeres in these lesions were unexpected. While we cannot rule out the possibility that the few DDR foci lacking colocalizations with telomeric signals are at chromosome ends that completely lack telomeric repeats, our data suggest that most dysfunctional telomeres in these lesions still retain significant numbers of repeats. Based on recent studies demonstrating that telomeric DSBs are irreparable and consequently result in dysfunction of telomeres that are not necessarily short ([@b26]), our data suggest that the reasons for telomere dysfunction in cells of human cancer precursor lesions was not due to critical telomere erosion, but rather due to formation of telomeric DNA lesions as a result of oncogene-induced DNA replication stress. This is supported by our results demonstrating features of DNA replication stress at dysfunctional telomeres in cancer precursor lesions, such as telomeric doublets and P-ATR foci.

While most telomeres in cells of nevi are long, as judged by the fluorescence signal intensities emitted from the telomeric probe ([Figure 1D](#f1){ref-type="fig"}; [Supplementary Figure S2A](#S1){ref-type="supplementary-material"}), total telomere lengths in cells of epithelial cancer precursors appeared significantly shorter compared with surrounding stromal cells ([Supplementary Figure S5C](#S1){ref-type="supplementary-material"}), consistent with previous observations ([@b47], [@b48]; [@b50]). Despite these differences in total telomere lengths, all cells displayed hallmarks of TDIS. Our data therefore suggest that cells in epithelial lesions had undergone more cumulative population doublings, and consequently contained shorter telomeres, compared with cells melanocytic cells in nevi. Significantly, most senescent cells in nevi displayed only 1--2 DDR foci, while senescent cells in ductal hyperplasias and colonic adenomas displayed many more DDR foci per cell nucleus (e.g., compare [Figures 1A](#f1){ref-type="fig"} and [2A](#f2){ref-type="fig"}). Thus, it is likely that melanocytic cells are more sensitive to a telomeric DDR compared with cells in epithelial tissues and consequently arrest earlier in response to telomere dysfunction. Supporting this conclusion are studies demonstrating that cultured mammary epithelial cells continue to proliferate despite displaying few dysfunctional telomeres, and only undergo replicative senescence once many more telomeres in the cell had become dysfunctional ([@b10]). In contrast, other cell types such as fibroblasts undergo senescence due to only one, or very few dysfunctional telomeres ([@b36]; [@b1]). While the reasons for these differences are currently unknown, it is tempting to speculate that the decreased sensitivity to dysfunctional telomeres is a feature of cells in highly proliferative tissues such as colon and breast. This would allow these cells to tolerate occasional DNA replication defects in telomeric repeats without arresting prematurely and impeding tissue growth.

Our data demonstrating high DDR activity in cancer precursor lesions and low activity in malignant cancers is consistent with previous observations ([@b7]; [@b27]; [@b52]). The suppression of the DDR in malignant cancers has previously been attributed to the inactivation or loss of expression of certain DDR factors at later stages during cancer progression. In addition, a recent study demonstrated that DDR signalling in proliferating oncogene-expressing cells is also restrained by the formation of senescence-associated heterochromatic foci (SAHF) ([@b23]). Our data now suggest that hTERT also contributes to this low DDR activity observed in malignant cancers by suppressing the formation of telomeric DDR foci caused by oncogene-induced telomeric replication stress. Consistent with this interpretation are observations that cells in early cancer precursor lesions generally display low or absent telomerase activity, whereas cells in over 90% of all human malignant cancers have reactivated this enzyme to maintain telomere lengths and function ([@b4]). hTERT counteracts a telomeric DDR, both by preventing critical telomere shortening and by suppressing the formation of replication stress-induced telomeric DDR foci ([Figures 5](#f5){ref-type="fig"} and [6](#f6){ref-type="fig"}, [Supplementary Figure S10](#S1){ref-type="supplementary-material"}). Thus, the dramatically reduced number of cells with DDR foci in analysed malignant lesions likely is also a consequence of increased hTERT activity in these cancers. Supporting this conclusion are data demonstrating that telomerase inhibition can lead to an increased formation of DDR foci and an ATM-dependent growth arrest in hTERT-positive human cancer cells ([@b24]; [@b67]). Therefore, inhibitors of telomerase will likely prove to be a valuable tool to combat cancers that retain the ability to undergo TDIS or telomere dysfunction-induced apoptosis.

In optimal environments, somatic human cells gradually lose telomeric sequences until TDIS limits further cell proliferation. Gradual telomere erosion is a consequence of the 'end replication problem\', postreplicative nucleolytic processing of chromosome ends, and events that delete telomeric repeats in a sporadic manner. Stresses that likely contribute to telomere erosion include increased levels of ROS, DNA replication errors in telomeric repeats, and defects in proteins involved in telomere maintenance ([@b42]). We now demonstrate that oncogenic signals also cause stochastic telomere attrition and dysfunction in cells lacking hTERT activity. Since oncogenes cause DNA replication stress, which frequently leads to the collapse of DNA replication forks and consequently DSBs at fragile sites ([@b8], [@b9]; [@b3]; [@b22]), and telomeres resemble fragile sites ([@b46]; [@b59]; [@b68]), it is likely that oncogene-induced telomere attrition and dysfunction is due to DNA replication stress in telomeric repeats. Indeed, we show that DNA replication forks prematurely terminated in telomeric repeats preferentially in Ras-expressing cells ([Figure 3](#f3){ref-type="fig"}), causing dramatic and stochastic telomere attrition even within one cell division cycle ([Figure 4](#f4){ref-type="fig"}). Oncogene expression also caused a high degree of both non-telomeric and telomeric DDR foci, likely due to DNA repair events at collapsed replication forks. Consistent with the recent discovery that telomeric DSB\'s resist DNA repair ([@b26]), our data demonstrate that telomeric DDR foci persisted in cells lacking hTERT activity while non-telomeric foci were resolved within days ([Figure 5D](#f5){ref-type="fig"}; [Supplementary Figure S10](#S1){ref-type="supplementary-material"}). Since hTERT-expressing cells were able to resolve DDR foci, allowing them to eventually continue growth, we conclude that the primary reason for cellular senescence in oncogene-expressing cells that lack high telomerase activity is due to persistent telomeric DDR foci. OIS is therefore a cellular stress response that is stabilized by dysfunctional telomeres. Furthermore, based on our data we suggest that, rather than acting as cell division-count down timers, telomeres function as sentinels of genotoxic and hyperproliferative stresses that stabilize cellular senescence once their structure is compromised. In humans, TDIS is both critical and highly effective as this tumour suppressing mechanism appears to limit malignant cancer progression in multiple and distinct tissues.

Materials and methods
=====================

Human cancer tissue samples
---------------------------

Archival and paraffin-embedded tumour tissue was obtained from the tumour tissue bank at NJMS-University Hospital with the approval of the local IRB committee. Haematoxylin and eosin-stained tissue sections were analysed and labelled by an experienced pathologist. Imaging, counting, and statistical analysis was performed independently by two individuals. No patients were treated with radiation or chemotherapy prior to surgical resection of tumour tissue.

Cell culture
------------

BJ cells were cultured in Ham\'s F10 nutrient mixture (Life Technologies) supplemented with 15% batch-tested fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 20 mM [L]{.smallcaps}-glutamine (Cellgro, Manassas, VA), and penicillin/streptomycin (100 U/ml penicillin and 100 μg/ml streptomycin; Cellgro, Manassas, VA). Cultures were passaged using a 1:4 subculture regimen and incubated at 37°C in an atmosphere of 5% CO~2~. Cells were labelled with 1 μg/ml BrdU. Aphidicolin (Sigma, St Louis, MO; 0.3 μM) and hydroxyurea (Sigma, St Louis, MO; 50 μM) were directly added to the culture medium. Growth curves were generated using a hemocytometer and the formula PD=log2(*N* ~final~/*N* ~initial~) where *N* ~initial~ is the number of cells seeded at each passage and *N* ~final~ is the number of cells recovered from the dish. NIH3T3 mouse embryonic fibroblasts (MEFs) were cultured under standard conditions. pBABE-Puro H-RasV12 and corresponding empty vector pBABE-Puro were used to infect cells by retroviral transduction as in ([@b22]). Four days after infection, cells were labelled with thymidine analogues for DNA combing studies.

Microscopy
----------

Images were acquired using a Zeiss Axiovert 200M microscope, an AxioCamMRm camera (Zeiss), and AxioVision 4.6.3 software (Zeiss). To analyse and quantitate colocalization between telomere signals and 53BP1 foci, images were acquired as *z*-series through the entire thickness of the specimen (10--15 images, 0.3--0.4 μm optical slices) using a motorized stage, a × 100/1.4 oil immersion lens, and an ApoTome (Zeiss). ApoTome microscopy eliminates out of focus light and generates shallow focal planes (0.4 μm using a × 100 oil objective). To quantitate 53BP1 foci, images were acquired through the entire specimen as *z*-stacks using a × 63/1.4 oil immersion lens and an ApoTome. Stacks were merged into a single image using the AxioVision software for easier counting.

Immunofluorescence and ImmunoFISH
---------------------------------

Cultured cells were processed for immunofluorescence analysis as described previously ([@b36]). Deparaffinized 4-μm tissue sections were incubated in sodium citrate buffer (10 mM Na--citrate, 0.05% Tween 20, pH=6) at 95°C for 45 min to retrieve antigens. Tissue sections were subsequently rinsed with water and incubated with block buffer (4% BSA in PBS+0.1% Tween 20) for 30 min. Primary antibodies were incubated overnight at 4°C in block buffer at indicated concentrations (see below). Following 2 × 5 min washes with PBST, tissue sections were incubated with secondary antibodies as indicated (1:1000 in block buffer) for 1 h at room temperature. Slides were washed 3 × 5 min with PBST, rinsed with water and mounted using DAPI containing mounting medium (Vector Laboratories, Burlingame, CA).

To detect TIF, tissue sections were deparaffinized and heat treated in sodium citrate buffer as described above. Sections were dehydrated by placing them in 95% ethanol for 3 min. After air-drying, nuclear DNA was denatured for 5 min at 80°C in hybridization buffer containing Cy3-conjugated telomere-specific PNA (Cy3-(C~3~TA~2~)~3~; Panagene, Korea) at 0.5 μg/ml, 70% formamide, 12 mM Tris--HCl pH=8.0, 5 mM KCl, 1 mM MgCl~2~, 0.08% Triton X-100 and 0.25% acetylated BSA (Sigma-Aldrich, St Louis, MO), followed by incubation in the same buffer for 2 h at room temperature. Slides were washed sequentially with 70% formamide/0.6 × SSC (90 mM NaCl, 9 mM Na--citrate (pH=7); 3 × 15 min), 2 × SSC (1 × 15 min), PBS (5 min), PBST (PBS+0.1% Tween 20; 5 min), and incubated with block buffer (4% BSA in PBST) for 30 min. Immunostaining using primary polyclonal anti-53BP1 antibodies and secondary Alexa Fluor 488-conjugated goat anti rabbit antibodies (Invitrogen, Carlsbad, CA) was performed as described above.

Telomere length measurements by quantitative FISH and FISH with flow cytometry (flow-FISH)
------------------------------------------------------------------------------------------

Cultured cells were arrested at mitosis by treatment with colcemid (0.1 μg/ml). Cells were subsequently incubated with a hypotonic solution of potassium chloride at 37°C for 15 min followed by fixation in Carnoy\'s fixative. Quantitative FISH (qFISH) was performed using telomere sequence-specific PNA probe labelled with Cy3 as described ([@b33]). Metaphase spreads for different samples were hybridized simultaneously. To avoid selection bias, good and well spread metaphases were randomly chosen for analysis. Images were acquired on the same day (within 3 h) for all the samples using the Zeiss Axioplan 2 imaging fluorescence microscope. Fluorescence intensity of telomere signals was measured using the *in situ* imaging software (Metasystems, Germany). The total amount of telomere DNA was also measured at the single-cell level by flow-FISH as described ([@b20]; [@b53]). Briefly, control and experimental cells were suspended in the hybridization buffer containing fluorescein isothiocyanate (FITC)-labelled telomere-specific PNA probe. After denaturation at 86°C for 10 min, hybridization was carried out at room temperature for 2 h. Unbound telomere PNA probe was removed by posthybridization washes and the cells were counterstained with propidium iodide. Telomere fluorescence was subsequently measured on a flow cytometer using argon ion laser (488 nm) to excite FITC. FITC-labelled fluorescent calibration beads (QuantumTM-24 Premixed; Flow Cytometry Standards Corporation, San Juan, Puerto Rico) were used to correct for daily shifts in the linearity of the flow cytometer and fluctuations in the laser intensity and alignment and to express the results in standard fluorescence units. The resulting calibration curve was then used to convert telomere fluorescence data to molecules of equivalent soluble fluorochrome units (MESF), allowing comparison of results between experiments. Hela cells were used as biological control in each set of experiment to correct any experimental variations. Both qFISH and flow-FISH studies were carried out blind. In tumour tissue, relative telomere lengths were assessed by quantification of telomeric signal fluorescence intensities using the ImageJ software (version 1.45) and the object counter 3D plugin on consecutive *z*-stacks acquired using a Zeiss Axiovision 200M microscope equipped with ApoTome.

Analysis of DNA replication dynamics at telomeres by DNA combing and FISH
-------------------------------------------------------------------------

MEFs were sequentially labelled with 25 μM IdU for 1 h followed by 25 μM CldU for an additional hour in the culture medium. Cells were then washed three times in PBS and incubated 3 h in media without IdU/CldU. This procedure was repeated three times. DNA combing was performed as previously described in [@b43]. Cells were then embedded in agarose plugs, proteinase K-treated and DNA extracted. DNA was combed on silanised coverslips. Telomeres were detected with a Cy3-conjugated Telomere PNA probe (Cy3-OO-(CCCTAA)3; Panagene, Korea) by FISH as described in [@b33], with the only modification of a DNA denaturation step in 0.5 M NaOH 1 M NaCl for 8 min. Halogenated nucleotides were detected with specific primary antibodies (IdU: mouse anti-BrdU, Becton Dickinson; CldU: rat anti-BrdU, Abcam) and secondary antibodies (Alexa Fluor 647-conjugated goat anti-mouse, Molecular Probes; Alexa Fluor 488-conjugated goat anti-rat, Molecular Probes). Images were acquired with a fluorescence microscope and labelled DNA molecules were individually manually measured in a blind manner by ImageJ software and analysed by Excel.

Immunoblotting
--------------

Protein extracts were prepared in lysis buffer (20 mM Hepes-KOH, pH 7.9, 0.42 M KCl, 25% glycerol, 0.1 mM EDTA, 5 mM MgCl~2~, 0.2% NP40, 1 mM DTT, and 500 μM PMSF and 1:100 protease inhibitor cocktail). In all, 10 μg protein samples were run on 10% SDS--PAGE gels and proteins were transferred to PVDF membranes (Pall Life Sciences, Pensacola, FL) using a Bio-Rad mini Trans-Blot Cell at 350 mA for 90 min. After transfer, membranes were blocked in 5% non-fat dry milk in 1 × TBST (150 mM NaCl, 10 mM Tris--HCl, pH 8.0, 0.05% Tween 20) at room temperature for 1 h, then incubated with primary antibody at 4°C overnight with shaking. Membranes were washed three times in 1 × TBST for 10 min with shaking, then incubated with HRP-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies (Pierce Biotechnology, Rockford, IL) at room temperature for 1 h with shaking. Membranes were washed three times in 1 × TBST for 10 min. Proteins were detected with a SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL) and signals were exposed to Hyblot CL Autoradiography films (Denville, Mutuchen, NJ).

Telomerase activity
-------------------

Telomerase activity was measured by the TRAPEZE® RT Telomerase detection Kit (Millipore, Bedford, MA), utilizing PCR and Amplifluor primers according to the manufacturer\'s instructions. Briefly, pelleted cells were resuspended in lysis buffer, incubated on ice for 30 min and spun to collect the supernatant. The fluorometric detection of telomerase activity of the supernatant equivalent to 1000 cells was detected using 7300 Real Time PCR system (Applied Biosystems, Foster City, CA). Quantitative values of the telomerase activity were obtained from a standard curve generated by using dilutions of control template provided by the kit.

Viral transductions
-------------------

Retrovirus was generated using the pBabe-puro and pBabe-hygro vectors ([@b51]) and the Phoenix amphotropic virus packaging cell line. The sources of the plasmids were as follows: pBabe H-RasV12 puro, Addgene plasmid 1768; pBabe BRafV600E-puro and pBabe-puro: Addgene plasmids 17544 and 1764, respectively. High titre retrovirus was incubated with 30--40% confluent BJ cells for 48 h. Cells were selected with 2 μg/ml puromycin (Sigma-Aldrich, St Louis, MO) for 48--72 h. Lentivirus was generated in 293T cells by calcium phosphate transfection of pRRL.SIM-18 containing either GFP or H-RasV12 together with pMDL g/pRRE, pVSVG, pRSV-REV (kind gift from J Campisi). BJ cells were contact inhibited for 7 days and transduced with GFP or H-RasV12-expressing lentivirus. After 72 h, cells were replated into colcemid containing medium (0.1 μg/ml; Invitrogen, Carlsbad, CA), and telomere length was analysed by q-FISH 48 h following release from contact inhibition.

Antibodies
----------

The sources and dilutions of antibodies used were as follows: macroH2A1.2 (1:2000) and monoclonal 53BP1 antibodies have been reported ([@b58]; [@b69]); BrdU (GE Health, Piscataway, NJ; 1:200), 53BP1 (monoclonal; Chemicon, Temecula, CA; 1:250), 53BP1 (polyclonal; Novus, Littleton, CO; 1:500), TRF2 (IMGENEX, San Diego, CA; \#IMG-124A), Melan-A (Santa Cruz, Santa Cruz, CA; 1:200), p16 (H-154; Santa Cruz, Santa Cruz, CA; 1:200); γH2AX(S139) (Upstate, Chicago, IL; 1:1000); anti-centromeric proteins (Antibodies, Davis, CA; 1:500); Ki67 (polyclonal, Abcam, Cambridge, MA; 1:100 and monoclonal, BD Biosciences, San Jose, CA, 1:100); P-ATR(Ser428) (Cell Signaling, Danver, MA; 1:100); p53 (DO-7; Novocastra); Ras (BD Transduction Laboratories, San Jose, CA; 1:1000); hTERT (polyclonal; Rockland, Gilbertsville, PA; 1:500), Raf-B (F-7) sc-5284 (monoclonal; Santa Santa Cruz Biotech, Santa Cruz, CA; 1:500); γ-Tubulin (Sigma, St Louis, MO; 1:5000).

Statistical analysis
--------------------

The observed data are normally distributed (Shapiro--Wilk *W* test) and presented as mean values±s.d. To approximate normal distribution, the percentage of 53BP1-positive cells in melanoma group were log-transformed for data analyses and back transformed for data presentation. The differences between groups were tested using the unpaired (independent samples) or paired samples (for paired data) Student\'s *t*-test or one-way analysis of variance (ANOVA) analysis followed by Tukey\'s *post hoc* test for multiple comparisons as indicated. ANOVA with repeated measurements followed by *post hoc* analysis with Bonferroni\'s correction for multiple comparisons allowed us to test changes in percentage 53BP1-telomere colocalization during days posttransduction and difference between groups. Simple correlation analyses were applied to evaluate the relationship between patient age and the percentages of 53BP1-positive cells in different groups as indicated. All *P*-values presented are two-tailed and a *P*\<0.05 was chosen for levels of significance. Statistical analyses were performed using SPSS 16 software package (SPSS, Inc., Chicago, IL) or GraphPad Prism software version 5.0 (San Diego, CA, USA).
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![Melanocytic cells of benign- and dysplastic nevi, but not cells of malignant melanoma, display hallmarks of telomere dysfunction-induced cellular senescence. (**A**) Tissue sections from indicated lesions were immunostained with antibodies against melanA (red) and 53BP1 (green). Insets display an enlarged section of the indicated area. (**B**) Quantitation of 53BP1-positive melanocytic cells in benign nevi (Bng; *n*=13, 3529 cells), dysplastic nevi (Dsp; *n*=13, 2300 cells), melanoma (Mel; *n*=18, 5401 cells), and in normal epidermal melanocytes adjacent to the lesion (Norm; *n*=12, 485 cells). Values are shown as mean±s.d.; \**P*\<0.001. (**C**) Dysfunctional telomeres in nevi. Tissue sections from benign nevi were processed by immunoFISH to simultaneously detect 53BP1 (green) and telomeres (red). Enlarged versions of the numbered DNA damage foci showing colocalization with telomeres are shown in the right micrographs. Note that only one optical slice is displayed. (**D**) Quantitation of TIF positive cells in indicated lesions (mean±s.d.). A total of 13 benign nevi (1355 53BP1 foci), 13 dysplastic nevi (2968 53BP1 foci), and 7 melanoma (891 53BP1 foci) were counted; \**P*\<0.001. (**E**) Distribution of telomere lengths based on their signal intensities (*x*-axis; arbitrary units). Top histogram: all telomeric signals in cells of nevi (average signal intensity 268±46). Bottom histogram: single (red bars; average signal intensity 281±46) and multiple/diffuse (blue bars; average signal intensity 275±56) telomeric signals associated with 53BP1 foci. *n*: number of telomeric signals analysed (**F**) Tissue sections from a dysplastic naevus (top), and invasive melanoma (bottom) were immunostained using antibodies against 53PB1 (red) and macroH2A (green). Arrows point to stromal cells and basal layer epidermal keratinocytes that did not display elevated macroH2A levels. Dashed line separates epidermis (bottom left) from naevus (top right). Scale bars: 25 μm. Statistical significance was calculated by one-way ANOVA followed by Tukey\'s *post hoc* test.](emboj2012132f1){#f1}

![Epithelial cells of precursor lesions to colon- and breast-cancers display hallmarks of telomere dysfunction-induced cellular senescence. (**A**) Tissue sections from colonic adenomas (colon) and DH of the breast (breast; left column) and from invasive colon- and breast-carcinomas (right column) were immunostained with antibodies against 53BP1 (red, top row; green, bottom row). (**B**) Quantitation of 53BP1-positive epithelial cells (mean±s.d). Top graph: colonic adenomas (CA, *n*=10, 5588 cells), colonic adenocarcinomas (Carc, *n*=14, 4898 cells), epithelial cells from adjacent normal colonic mucosa (Norm, *n*=9, 2474 cells). Bottom graph: usual- and atypical-DH (Hyp, *n*=14, 4359 cells), invasive ductal carcinomas (Carc, *n*=15, 2905 cells), and luminal epithelial cells from adjacent normal ducts (Norm, *n*=9, 3153 cells); \**P*\<0.001 by one-way ANOVA followed by Tukey\'s *post hoc* test. (**C**) Quantitation of TIF-positive cells (mean±s.d.). CA: *n*=10; 3309 foci; Carc: *n*=14; 205 foci; Hyp: *n*=14, 1510 cells; Carc: *n*=15, 661 cells; \**P*\<0.001 by unpaired *t*-test. (**D**) Tissue sections from indicated lesions were immunostained using antibodies against 53PB1 (red) and macroH2A (green). Scale bar: 50 μm.](emboj2012132f2){#f2}

![Oncogenic signals cause stalling of telomeric DNA replication forks. (**A**) Schematic illustrating a replication fork at the telomeric locus. Following pulse labelling of mouse fibroblasts with halogenated nucleotides, the DNA was extracted, combed, and processed by immunoFISH as indicated in [Supplementary Figure S7](#S1){ref-type="supplementary-material"}. As an example, a newly fired DNA replication origin (ORI) that incorporates IdU during the first pulse (blue) is shown. CldU (green) is then incorporated during the second pulse. Telomeric repeats were detected using a Cy3-conjugated telomeric PNA (red). We interpret symmetric replication signals as normal replication fork progression (\#3). Asymmetric DNA replication bubbles bordering, or extending into-telomeric repeats, as inferred by asymmetric replication signals were considered as telomeric fork stalling events (\#1 and 2). These events were quantified in [Figure 3D](#f3){ref-type="fig"}. (**B**) Representative images of analysed DNA replication patterns. Rows 1: merged image; 2: IdU (blue); 3: CldU (green); 4: telomere (red). Scale bar: 40 kb. (**C**) Quantitation of the percentage of DNA combing signals revealing DNA replication forks arrest at the start of a telomeric tract (within 2 kb), partial and complete telomere replication in empty vector- (EV; black bars; *n*=140) and H-RasV12-expressing (Ras; red bars; *n*=171) cells. \**P*\<0.001, \*\**P*=0.02. (**D**) Quantitation of fork stalling events at telomeres in empty vector- (EV; *n*=140) and H-RasV12-expressing (Ras; *n*=171) cells. \**P*=0.03.](emboj2012132f3){#f3}

![Oncogenic signals cause fragile telomeres and stochastic telomere attrition. (**A**) Metaphases from BJ cells that were contact inhibited, transduced with lentivirus encoding Ras, and subsequently released into colcemid containing medium. Chromosome ends, labelled using a telomeric Cy3-conjugated-PNA (red), either displayed telomeric doublets (1), different signal intensities on sister chromatids (2), absence of signal (3), or diffuse telomeric staining patterns (4). Bar graph: percentage of aberrant telomeric structures (± s.d.) in GFP (69 metaphases) and Ras (98 metaphases) expressing cells (*n*=3); \**P*\<0.001. (**B**) Contact inhibited BJ cells were transduced with lentivirus encoding GFP (control) or Ras followed by release into colcemid-containing medium. Telomere fluorescence (arbitrary units, mean±s.d.) as measured by flow-FISH or q-FISH (**C**) in Ras- and GFP-transduced cells; \**P*\<0.001. Statistical significance was calculated by unpaired *t*-test.](emboj2012132f4){#f4}

![Oncogenic Ras causes transient non-telomeric- and persistent-telomeric DDR foci in non-telomerized human cells. (**A**) Growth curve of BJ cells transduced with indicated retroviral combinations. Experiments were performed a total of five times (three times in BJ cells and two times in unrelated normal human foreskin fibroblasts) with similar results. p: encoding puromycin resistance; n: encoding neomycin resistance. Note that cells were selected using puromycin only. (**B**) Percentage of BrdU-positive cells 14 days following transduction (or 12 days following removal of the selection drug puromycin; BrdU added for 48 h). (**C**) Immunoblot showing Ras expression levels in BJ cells at indicated days following retroviral transduction. γ-Tubulin served as a loading control. Numbers represent relative telomerase activity following retroviral transduction, as measured by TRAPeze assay. (**D**) BJ cells were transduced with indicated combinations of retroviruses and analysed for the percentages of 53BP1-positive cells (±s.d.) at indicated times after transduction. Colour bars indicate the frequency of 53BP1 foci per cell nucleus. At least 100 cells were analysed for each group and time point; \**P*=0.001; \*\**P*=0.004 by unpaired *t*-test. (**E**) Percentage of 53BP1 (±s.d.) foci colocalizing with telomeric DNA at indicated times after transduction of indicated retroviral combinations. Only DDR-positive cells were analysed. A minimum of 30 cells were analysed for each group and time point (average of 165 53BP1 foci/group and time point); \**P*\<0.001 by repeated measures one-way ANOVA.](emboj2012132f5){#f5}

![DNA replication stress causes TDIS in normal human cells. (**A**) BJ cells and hTERT-expressing BJ cells were incubated with low concentrations of hydroxyurea (HU; 50 μM) and aphidicolin (Aph: 0.3 μM) for 4 days followed by a release from the block for 48 h. Bar graph: percentage of 53BP1-positive cells (± s.d.). The frequency of DNA damage foci per cell nucleus is indicated with coloured bars. A minimum of 400 cells per group were analysed (*n*=3); \**P*=0.002, \*\**P*\<0.001. (**B**) Percentage of TIF-positive cells (±s.d.). A minimum of 100 cells per group were analysed (*n*=3); \**P*\<0.001. (**C**) Percentage of cells that did not incorporate BrdU over a 48 h labelling period and were therefore considered senescent (±s.d.). BrdU was added to the culture medium following drug removal. A minimum of 400 cells per group were analysed (*n*=3); \**P*=0.007, \*\**P*=0.012. (**D**) Colocalization between 53BP1 (red) and ATR(Ser428; P-ATR) foci in nevi (top row), ADH (middle row), and colonic adenomas (bottom row). White arrows indicate colocalizations. Statistical significance was calculated by paired *t*-test.](emboj2012132f6){#f6}

![Model illustrating the role of TDIS in suppressing malignant cancer progression in humans. Cells encountering oncogenic signals are exposed to telomeric replication stress, which leads to stochastic telomere attrition and telomere dysfunction in cells that lack telomerase activity. In normal somatic cells, telomere dysfunction results in cellular senescence, thereby preventing malignant cancer progression. In contrast, telomere dysfunction is suppressed in cells with high telomerase activity allowing these cells to continue proliferating. Similarly, in cells with compromised senescence responses, telomere dysfunction generates chromosomal instability, an event that is associated with reactivation of telomerase and malignant cancer progression.](emboj2012132f7){#f7}
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